are dependent on release probability suggest that AMPARs the cerebellar mossy fiber-granule cell connection are mediated by both direct release of glutamate and rapid can be activated by glutamate released at neighboring AZs connected to the same cell. However, similar diffusion of glutamate from neighboring synapses. Immunogold localization revealed that AMPA receptors changes in EPSC waveform at the cerebellar climbing fiber synapse have been interpreted as a change in the are located exclusively in postsynaptic densities, indicating that spillover of glutamate occurs between synnumber of quanta released per release site (Wadiche and Jahr, 2001) rather than arising from glutamate spillaptic contacts. Spillover currents contributed half the synaptic charge and exhibited little trial-to-trial variover. Without direct resolution of spillover-mediated AMPAR EPSCs, the level of interaction between AZs ability. We propose that spillover of glutamate improves transmission efficacy by both increasing the and, thus, the contribution of spillover to fast synaptic transmission, remains unclear. amplitude and duration of the EPSP and reducing fluctuations arising from the probabilistic nature of transWe examined whether glutamate spillover contributes to fast EPSCs by taking advantage of the unique anatmitter release.
1996a). The EPSCs for the
The decay of the slow-rising EPSC lacked a fast component, but was similar to both the overall and fast-rising other cell ( Figures 1D-1F ), which are more characteristic for this age, had both fast-rising events as well as slowmeans at late times (Ն5 ms; Figure 1F ). The observation that the cell with a prominent slow-rising current was rising non-NMDA EPSCs. The rise time distribution of both inputs had unimodal peaks (similar to Geiger et al., associated with a slowly decaying overall mean EPSC was born out across many cells, which exhibited a signif-1997; Silver et al., 1996b) below 200 s, but the cell in Figure 1D To characterize further the slow-rising events, we sepcells; Figure 2B ). This suggests that the slow-rising component is a major determinant of the non-NMDA EPSC arated EPSCs into two groups based on the speed of their rising phase (see Experimental Procedures; note waveform. Moreover, the weighted decay can be used as a measure of the relative contribution of the slowthat failures were included in the slow-rising group). The cell shown in Figures 1A-1C had both an overall and a rising current to the mean EPSC. fast-rising mean with similar rise times. The decay was predominantly fast with a small-amplitude slow tail, simIsolation of the Fast Component of Non-NMDA Receptor EPSCs ilar to that observed in P12 rats (Silver et al., 1996a) . The amplitude of the mean slow-rising EPSC was small, We examined whether fast-rising and -decaying current components, similar to those in Figure 1C , were also consistent with all but one of the events being failures. For the cell shown in Figures 1D-1F , both the overall present in cells with slow-rising currents. To do this, we selected fast-rising currents at low release probability, and fast-rising means also exhibited similar rise times that were comparable to the first cell. The mean slowthereby increasing the chance of observing this component in isolation. The weighted decay of the mean fastrising EPSC was much larger than that of the first cell yet was still smaller than its overall and fast-rising means, rising EPSC became faster when release probability was reduced by lowering the extracellular calcium concenalthough this cell exhibited no failures ( Figure 1F) . Of the 86 connections tested, 71 exhibited isolated slowtration ([Ca   2ϩ ] e ; 2.9 to 1.6 ms; Figure 2C ) and no longer followed the same decay time course as the mean slowrising currents, which occurred in 17% of trials. Their , the amplitude of mean slow-rising EPSC (triangles) and mean fast-rising EPSC (squares) occurred at the same stimulus voltage in an all-or-none manner. The asterisk identifies the overall mean EPSC recorded at threshold for fiber stimulation where we observed failures that were not present at higher stimulation intensities, thus resulting in a lower mean peak amplitude at this voltage. Insets, the mean fast-rising EPSC (thick trace) and mean slow-rising EPSC (thin trace) at 27 and 31 V. Scale bar: 10 pA and 1 ms in (E) and (F). ] e is similar to that for the cell in Figure 2A and to the current was recovered when the voltage was stepped from near the reversal potential to a hyperpolarized poextrapolation of the linear regression in Figure 2B (1.4 ms). These results confirm that non-NMDA EPSCs are tential, even at late times, indicating that the synaptic conductance is active throughout the EPSC ( Figure 2E ; composed of independently occurring, conventional fast-rising and -decaying currents as well as novel slown ϭ 5 cells). These data confirm that in P25 GCs, the synaptic currents are well voltage clamped under our rising and -decaying currents ( Figure 2D ), which are revealed when the fast-rising currents fail. The slowconditions and rule out the possibility that the slowrising non-NMDA currents arise from electrically remote rising non-NMDA current component is reminiscent of spillover currents mediated by high-affinity ␣ 6 -consites on the dendrite or from electrically coupled cells. taining GABA A receptors at the Golgi cell-GC synapse (Rossi and Hamann, 1998) erts a block whose magnitude is inversely related to Each of the 28 asymmetric synaptic junctions between transmitter concentration. We compared the effect of MFs and GC dendrites examined had at least one gold Kyn on the peak amplitude of the fast-and slow-rising particle (range: one through nine) with a mean of 4.7 Ϯ EPSC to test whether they arose from different gluta-2.0 ( Figure 3B ). The density of gold particles at MF-GC mate concentrations. Figure 4A shows that the two comsynapses was nearly 100-fold higher (430 Ϯ 26 particles/ ponents of the EPSC were differentially blocked by Kyn. m 2 , n ϭ 28 synapses in 12 images from 3 animals) On average, Kyn (0.5-1 mM) produced a 50% Ϯ 4% than on mitochondria, which were used to determine (n ϭ 10 cells) block of the peak of the fast-rising EPSCs. the nonspecific labeling density (6.2 Ϯ 3.4 particles/ The slow-rising current was blocked by an additional m 2 , p Ͻ 0.001). The density of gold particles on the 28% Ϯ 5% ( Figure 4C ). Preferential block of the EPSC extrasynaptic plasma membrane (3.0 Ϯ 1.2 particles/ at later times by Kyn can also be seen in the speeding m 2 ) was not significantly different from that on mitoof the mean EPSC waveform ( Figure 4B ), reducing the chondria (p ϭ 0.24, unpaired t test; Figure 3C) . weighted decay by 27% Ϯ 5% on average (n ϭ 10; In a second set of experiments, we further enhanced Figure 4C ) and was fully reversible in the three cells the sensitivity of the technique by using a mixture of tested. During application of Kyn, there was no change the anti-GluR2/3/4c antibody and a polyclonal antibody in the paired pulse ratio, suggesting that release probaagainst all AMPAR subunits (anti-pan-AMPAR; Nusser bility was unaffected (20-25 ms interval; p ϭ 0.68 Ϯ 0.07, et al., 1998). In the tissue with the highest specific labeln ϭ 6). When the mean EPSC amplitude was blocked to ing, the synaptic gold particle density increased by 66% a similar degree by the noncompetitive antagonist GYKI (from 452 Ϯ 164 particles/m 2 , n ϭ 16, to 751 Ϯ 253 53655 (44% Ϯ 4%, n ϭ 10; Kyn 43% Ϯ 3%, n ϭ 11; p ϭ particles/m 2 , n ϭ 10). The extrasynaptic gold particle 0.81, unpaired t test) we saw neither a preferential block density was increased by 170% (to 8.0 particles/m 2 ), of the slow-rising events nor a change in the weighted which was almost identical to the increase in the nondecay (Figures 4D and 4E ; p ϭ 0.17 and p ϭ 0.25, respecspecific labeling observed over mitochondria, to 180% tively). These results suggest that the AMPARs underly-(17.5 particles/m 2 ). Thus, despite the increased sensiing the slow-rising events are exposed to a lower tivity (64% after background subtraction) and specificity concentration of glutamate than those underlying the for all AMPAR subunits, the labeling of the extrasynaptic fast-rising component. membrane remained insignificant. These results show that in cerebellar granule cells all detectable AMPARs are located in PSDs.
rising EPSC at late times (Figure 2D
Lowering Release Probability Preferentially Reduces the Slow-Rising EPSCs We examined electron micrographs of rat cerebellar glomeruli to estimate the mean distance between synapLowering release probability reduces the level of interaction of transmitter released from neighboring release tic contacts. Nearest neighbor analysis of PSDs from 2D sections gave a distribution with a mean distance sites, and this can result in an acceleration in the decay The spillover hypothesis predicts that slow-rising components arise from a larger number of release sites than more sensitive to release probability than the peak amplitude of the overall mean EPSC, which occurs at a the fast-rising current component and, thus, have a lower relative variability. Figure 6A shows a normalized time when the fast-rising component predominates. Fig- ure 5B illustrates such a preferential reduction in the mean EPSC and its corresponding normalized standard deviation (SD) for a connection with a robust slow-rising amplitude of the slow-rising current relative to the overall mean as release probability was lowered (same cell EPSC. The SD decayed well before the mean, indicating there was less variability associated with the slow-rising as in Figure 5A ). The weighted decay was reduced in 17 out of 19 connections with a reduction across all component than the fast-rising component. At a connection with negligible slow-rising currents, the SD and cells of 28% (2.5 Ϯ 0.2 ms to 1.8 Ϯ 0.2 ms; Figure  5C ) and was reversible in the seven cells tested. The mean current decayed with similar time courses ( Figure  6B ). We quantified relative current fluctuations contribpreferential reduction of slow-rising EPSCs was consis- uted by the slow-rising component by calculating the (see Experimental Procedures), the relative number of release sites at the peak and 1 ms later (N 1 ms /N peak ) can ratio of the coefficient of variation (CV ϭ SD/mean) at the peak of the mean EPSC and 1 ms later, when the be estimated without knowing P: slow-rising current predominates. Figure 6C shows that there is a strong negative correlation between the N 1ms N peak ϭ CV peak CV 1ms 2 . weighted decay of the EPSC and the CV ratio, suggesting that cells with larger slow components exhibited Given the mean CV ratio of 0.6, we estimate that there relatively less variability in the EPSC at late times. Furare 2.8 times more release sites underlying the slow thermore, reducing release probability, which preferencomponent of the EPSC than the fast component. After tially reduces the amplitude of slow-rising EPSCs (see a correction for channel variance (see Experimental Pro- Figure 5 ), increased the CV ratio from 0.64 to 0.93 (1.0-cedures), this estimate N 1ims /N peak increased to ‫.4ف‬ Error 1.25 mM [Ca] e ; p Ͻ 0.01; n ϭ 11). These data are consisin the binomial estimate of N 1ms /N peak could arise from tent with our hypothesis that the slow-rising currents the following synaptic parameters (Silver et al., 1998): arise from glutamate released from a larger number of (1) quantal variability at a single site, (2) variability in release sites than those producing the fast component mean quantal size across sites, and (3) nonuniform reof the EPSC. lease probability. These sources of variability, as well We calculated the relative number of release sites as contamination of the peak EPSC by spillover, will contributing to slow and fast components of the EPSC produce an underestimate of the relative number of reusing the CV ratio. If release sites at a single terminal lease sites. Our estimate of N 1 ms /N peak is, therefore, a exhibit similar release probabilities, the CV of quantal lower limit and suggests that indirect sites are 3-fold release can be described as: more numerous.
Influence of Glutamate Uptake on the EPSC
We tested whether glutamate uptake limits spillover currents at the MF-GC synapse by examining the time where N is the number of functional release sites and P is the mean release probability. Since P does not course of the EPSC in the presence of uptake inhibitors. Application of 200 M DL-TBOA, a noncompetitive inchange as a function of time after the peak of the EPSC counted for 52% of the charge, provided a lower estimate of 48% (due to residual spillover, see Figure 5 ). and 7C; 60% on average; reversible to within 25% Ϯ 15%, n ϭ 7), similar to that previously reported at room
We used this upper estimate of the direct release component to predict the relative impact of the individual temperature (Overstreet et al., 1999) . The fact that uptake inhibitors had no detectable effect on isolated slowcurrent components on the EPSP. rising events and only had a minor effect on the single EPSC suggests that glutamate uptake does not regulate Contribution of Spillover to the EPSP glutamate spillover at early times.
We investigated how spillover currents contribute to the amplitude and time course of the EPSP by injecting the direct release and spillover conductance components Time Course and Charge Transfer of Direct and Spillover-Mediated EPSCs ( Figure 8C ) into a passive model of the GC. Synaptic conductances were scaled by one third and injected In order to estimate the impact of the spillover current on AMPAR-mediated transmission, we calculated the into each of the three digits on a single dendrite, as for an input from a single MF terminal (Eccles et al., 1967). overall mean, the spillover current component, and the direct release current component for the population EPSPs generated with the direct release component had a rapid time to peak (t peak ϭ 1.2 ms) and rapid decay, (Figures 8A and 8B) . The amplitude and time course of the direct release component was estimated in two with a half width of 4.8 ms ( Figure 8D ). The spillover component of the EPSP had a slower rise (t peak ϭ 3.5 ways: (1) from the mean of fast-rising EPSCs recorded under low release-probability conditions scaled to the ms) and decay (half width ϭ 10.3 ms) than the direct release component, but the peak amplitude was only peak of spillover-subtracted population mean ( Figure  8B) , and (2) by subtracting the scaled spillover waveform 22% smaller (direct ϭ 5.9 mV, spillover ϭ 4.6 mV). When the overall mean conductance waveform was injected, from the population mean waveform ( Figure 8B ). Table than those directly connected to the postsynaptic cell. The fact that spillover currents carry half the charge of the mean EPSC and are less variable suggests that the simulations produced an EPSP amplitude of 7.5 mV, larger than that of the direct release component. The spillover of glutamate plays an important role in fast synaptic transmission at this central synapse. time to peak was slightly slower (t peak ϭ 1.6 ms), whereas the decay was much slower (half-width ϭ 7.4 ms) than that of the direct release current component. These reOther Possible Mechanisms that Could Produce the Slow-Rising Currents sults indicate that the AMPAR conductance mediated by spillover is a major determinant of the EPSP waveform.
It is possible that slow-rising currents could arise from the following unconventional release mechanisms: (1) Moreover, the impact of fluctuations in the amplitude of the highly variable direct release component will be full release of partially filled vesicles, and (2) slow release of glutamate through a nonexpanding fusion pore (Choi limited by the spillover conductance, which is relatively invariant and rarely exhibits failures. 
to the EPSC components in (B). (D) Simulated EPSPs produced by conductance waveforms in (C) (resting potential of Ϫ75 mV). Legend for (B) also applies to (C) and (D). Scale bar: 1 ms in (B).
We find that the slow-rising currents decay more slowly isolated spillover events are preferentially reduced when release probability is lowered argues against the possithan the direct release component even after the fast component has decayed (Table 1, fit after 1.3 ms). Morebility that the speeding of the EPSC decay is mediated solely by a reduction in multivesicular release from AZs. over, the preferential sensitivity of the slow-rising events to changes in release probability would not be expected Our data would be consistent with multiple independent vesicles released outside the AZ if those vesicles exhibfor this mechanism. But it is still possible that a slowrising and -decaying flux of glutamate is released into ited a different [Ca 2ϩ ] e sensitivity to those released from within the AZ (due to a larger distance from Ca 2ϩ -entry the cleft, a characteristic of immature and tetanus toxintreated synapses (Renger et al., 2001 ). Such a release site). However, perisynaptic release of vesicles has not been reported and was not observed at single release mechanism would have to be the most common release event to explain this result, which does not seem likely site MF-GC connections in P12 animals (Silver et al., 1996b) . since slow-rising events were not observed at single site synapses in P12 GCs (Silver et al., 1996b) .
Slow-rising currents could potentially arise from a distinct population of synapses with AMPARs with slow A dependence of EPSC waveform on release probability and a lack of effect of uptake inhibitors have prekinetics and a higher sensitivity to Kyn, but to date, no such receptors have been described. Thus, the most viously been interpreted as evidence for multivesicular release (Wadiche and Jahr, 2001). However, the fact that parsimonious conclusion consistent with all the data (Figure 8 ) were performed over a time extending 20 ms beyond the peak of the EPSC (except "*" 100 ms). The alignment of the individual mean slow-rising traces was on the 10% time point of its corresponding mean waveform. Note the weighted decay ("**") of the population mean for all cells (n ϭ 86) was 2.9. ***1.3 ms corresponds to Ͼ3ϫ the fast time constant of the isolated "direct" EPSC.
is that the isolated slow-rising events result from the rising EPSCs and the lack of interdigitated glial cells suggests that uptake does not inhibit rapid intersynaptic spillover of transmitter from neighboring sites. diffusion of glutamate in the glomerulus. Why have isolated AMPAR-mediated spillover curMechanisms Underlying Release rents not been described at this synapse in younger Probability-Dependent Changes animals? Several developmental changes could underlie in EPSC Waveform the appearance or increase in the spillover current comSimple diffusion theory (i.e., without buffers) predicts ponent. Between P12 and P25, the anatomy of the glothat the glutamate concentration reached at a particular merulus changes in several respects. The dendritic diglocation is the linear sum of the concentrations arising its on which the synapses are located are short stubs from each source (Otis et al., 1996) . The shape of the at P12, but by P25, they differentiate into fingers several mean transmitter waveform at a particular location will micrometers in length (Hamori and Somogyi, 1983 ). therefore be independent of reductions in release probaThese changes may result in the nearest release sites bility if they occur uniformly across release sites. Howbeing connected to the same GC at P12, but to different ever, the mean concentration reached will be reduced.
GCs 1998). Indeed, results from a deconvolution analysis that AMPARs could be widespread in the CNS, but it may incorporated a diffusion model (Neher and Sakaba, be difficult to assess its importance in shaping the EPSC 2001) suggest that slow-rising components of the waveform at other synapses. Spillover currents could AMPAR EPSCs are present at the calyx of held. Morecontribute to EPSCs following release at boutons conover, spillover may also contribute to the EPSC wavetaining single AZs if a quantum of transmitter can actiform in preparations where multiple closely spaced synvate receptors in multiple PSDs on the same cell. Unlike aptic connections fire synchronously in vivo. the case for the GC, such a spillover current would always be associated with a direct release component and the EPSC waveform would not change with release Physiological Implications Three characteristics of the spillover component of probability, making it difficult to identify. In preparations where isolated spillover currents occur, they may be AMPAR EPSCs are likely to be important in determining transmission properties at the MF-GC synapse: (1) its difficult to identify since cable filtering by dendrites may prevent resolution of multiple populations of EPSC rise large charge transfer, (2) its release probability-dependent time course, and (3) its low variability. The spillover times on the submillisecond timescale.
Several factors influence the peak concentration of current component provides 48%-70% of the total charge transfer during the EPSC (Table 1 ). The spillover glutamate at neighboring release sites, including intersite distance, geometry, number of release sites, as current, although slower than the direct component, is still fast enough to increase the peak amplitude of the well as the speed and location of glutamate uptake (Barbour and Hausser, 1997). The MF has many release EPSP. The increased amplitude and duration is likely to increase the reliability of transmission at this synapse sites located on the large continuous surface of the presynaptic terminal, while the postsynaptic dendrites and mean firing frequency for a given input frequency. Indeed, the presence of slow current components in the are tightly packed and interconnected with numerous attachment plaques (Jakab and Hamori, 1988 One 28-and two 34-day-old male Wistar rats were anaesthetized with Halothane and ketamine (400 mg/kg body weight) perfused using minimal stimulation at Յ2 Hz and recorded using an Axopatch 200B amplifier at a holding voltage of Ϫ70 mV; liquid junction potenthrough the heart first with 0.9% saline, then with a fixative containing 4% paraformaldehyde, 0.1% glutaraldehyde, and ‫%2.0ف‬ tials were not corrected for. Currents were low-pass filtered with an 8-pole and 4-pole Bessel filter both with cutoff frequencies of picric acid in 0.1 M phosphate buffer (pH ϭ 7.4; PB) for 25-30 min. The brains were then removed, and blocks of cerebellar vermis were 10 kHz. Signals were then digitized between 25-100 kHz with an ITC-18 interface using Axograph 4 software. washed in PB. Vibratome sections (400-500 m in thickness) were placed into 10%, 20%, and 30% glycerol in 0.1 M PB before they were plunged into Ϫ170 CЊ propane using a Leica EM CPC apparaAmplitude and Rise Time Analysis Data analysis was performed using custom software written in Igor tus. The frozen sections were transferred to a freeze substitution apparatus (Leica EM AFS) where they were embedded in Lowicryl Pro (Wavemetrics). Recordings were used for analysis if series resistances was Ͻ40 M⍀ (uncompensated; 23.6 Ϯ 0.5 M⍀ in control HM20 resin (Nusser et al., 1995) . Postembedding immunogold reactions were carried out according to the method of Matsubara et conditions, n ϭ 86), and the cell capacitance was Ͻ5 pF (2.70 Ϯ 0.08 pF). EPSCs were baseline subtracted using a 0.5 ms window al. (1996) . Briefly, following Na-ethanolate and sodium borohydrate treatments, 2% bovine serum albumin (BSA) was used in Tris-buf-‫1.0ف‬ ms before the stimulus. EPSC amplitudes were estimated from fered saline with Triton X-100 for blocking and for diluting the primary N multiplied by the average release probability (P) and P j is the same across all sites, the mean distance to releasing sites (x) is, and secondary antibodies. We used 5 g/ml of the polyclonal rabbit anti-GluR2/3/4c antibody (Chemicon Int., Temecula, CA) and 10 g/ ml of the polyclonal rabbit anti-pan-AMPAR antibody ( 
